Abstract FadR is a versatile global regulator in Escherichia coli that controls fatty acid metabolism and thereby modulates the ability of this bacterium to grow using fatty acids or acetate as the sole carbon source. FadR regulates fatty acid metabolism in response to intra-cellular concentrations of acyl-CoA lipids. The ability of FadR to bind acyl-CoA fatty acids is thus of significant interest for the engineering of biosynthetic pathways for the production of lipid-based biofuels and commodity chemicals. Based on the available crystal structure of E. coli bound to myristoylCoA, we predicted amino acid positions within the effector binding pocket that would alter the ability of FadR to bind acyl-CoA fatty acids without affecting DNA binding. We utilized fluorescence polarization to characterize the in vitro binding properties of wild type and mutant FadR. We found that a Leu102Ala mutant enhanced binding of the effector, likely by increasing the size of the binding pocket for the acyl moiety of the molecule. Conversely, the elimination of the guanidine side chain (Arg213Ala and Arg213Met mutants) of the CoA moiety binding site severely diminished the ability of FadR to bind the acylCoA effector. These results demonstrate the ability to fine tune FadR binding capacity. The validation of an efficient method to fully characterize all the binding events involved in the specific activity (effector and DNA operator binding) of FadR has allowed us to increase our understanding of the role of specific amino acids in the binding and recognition of acyl-CoA fatty acids and will greatly facilitate efforts aimed at engineering tunable FadR regulators for synthetic biology.
Introduction
The transcriptional regulator (TR) FadR, once believed to be dedicated to controlling genes involved in fatty acid metabolism, has since been characterized as a global regulator responsible for coordinating the ability of Escherichia coli to grow using fatty acids or acetate as the sole carbon source, as well as controlling the flexibility of the cell membrane by regulating the relative levels of saturated versus unsaturated fatty acids. It regulates the expression of proteins required for fatty acid b-oxidation and transport (fad regulon), key enzymes in fatty acid biosynthesis (FadA and FabB), the primary TR that regulates acetate metabolism (IclR) [1] [2] [3] [4] [5] [6] and the universal stress response regulator, UspA [7] . FadR acts as a repressor by binding to specific DNA sequences (fad operator) overlapping the -10 to -35 region or near the transcription start site of regulated genes, where it physically blocks RNA polymerase binding and/or activity. However, it can also activate transcription of regulated genes by binding upstream of the promoter region, where it acts as an enhancer for RNA polymerase binding [3] . The DNA operator sequence recognized by FadR was first identified in the ?1 to ?17 nucleotide region of the fadB gene (5 0 -ATCTGGTAC-GACCAGAT-3 0 ) using DNAse I footprinting experiments, and its dissociation constant (K d ) was estimated by electrophoretic mobility assays (EMSA) as 0.2 nM [8] . Later experiments using oligonucleotide selection, identified 5 0 -AACTGGTCGACCAGTT-3 0 as the consensus sequence of the fad operator [9] .
FadR is a member of the GntR superfamily of transcription regulators. This superfamily is characterized by proteins exhibiting remarkable similarities in their N-terminal, DNA binding domains, including a conserved a helix-turn-helix. In contrast, the C-terminal portions of these proteins, which encompasses the effector binding and oligomerisation domain, are highly variable. The different subfamilies (GntR, FadR, HutC, MocR, and YtrA) are characterized by their C-terminal domain, which dictates their function through effector molecule specificity. The FadR subfamily (largest) is distinguished from the rest by the conservation of a large, all-helical (6-7 alpha helices) C-terminal domain [1] . Crystal structure analysis confirmed that the winged-helix DNA binding domain is contained in the N-terminal, and the long chain acylcoenzyme A thioesters (LCACoAs) binding region is in the C-terminal domain [1] .
The regulatory mechanism of action of FadR in E. coli is controlled by the availability of certain long chain acylcoenzyme A thioesters in the cell [10] . When the intracellular concentration of LCACoAs increases, they bind with greater frequency to the C-terminal effector domain of FadR, causing a conformational change in the dimeric protein that decreases its affinity for the fad operator [11] .
Several LCACoAs (C 14 or greater) act as effectors for FadR. The most common effectors used in characterization studies of FadR are myristoyl-CoA (C 14 ), palmitoyl-CoA (C 16 ), and oleoyl-CoA (C 18 ). Previous investigations have suggested that palmitoyl-CoA is the natural effector of FadR as its potency to cause DNA dissociation was 50 times higher than other ligands [4, 8, 12] . The fad operator used for X-ray analysis of the crystal structure of free (PDB: 1E2X) versus DNA-bound FadR (PDB: 1H9T) was the same as previously identified within the fadB promoter (see above) and the effector molecule was myristoyl-CoA (PDB: 1H9G) [13] .
Studying the mechanisms of action of FadR, both in vivo and in vitro, has been undertaken over the past several decades primarily as a means to gain a deeper fundamental understanding of TRs characteristics. However, the growing demand to engineer biological systems for enhanced fatty acid production (which in turn can be converted into second or third generation biofuels) has boosted interest in further understanding the relationship between fatty acid metabolism and global regulation mediated by FadR, and how this regulatory system can be controlled [14, 15] . For example, tuning FadR expression was used to enhance production of fatty acids in E. coli [16] and a dynamic sensor-regulator system based on FadR was developed to regulate production of fatty acid-based products in E. coli [15] . Despite the intrinsic adaptability of WT FadR for bioengineering purposes, tailoring and optimizing its regulatory properties (enhanced or decreased sensitivity to LCACoAs) will expand its application as a dynamic sensor-regulator system. Here, we probed the binding pocket of FadR by using the FadR/myristoyl-CoA X-ray structure as a structural guide and experimentally tested the effects of mutations at key positions in the LCACoAs binding site. We utilized fluorescence anisotropy [16] [17] [18] [19] [20] to characterize the in vitro activity of WT FadR and the mutants. In particular, we show that mutating the conserved Leu102 to an alanine increases binding of the natural effector (palmitoyl-CoA), while Arg213 to alanine or methionine decreases it. These results increase our understanding of FadR effector binding site components and the mechanistic implications of FadR binding to its DNA operator sequence.
Materials and Methods

Materials
All chemicals, substrates and enzymes were obtained from Sigma or Aldrich. Site directed mutagenesis of FadR residues: leucine at position 102 (L102) and arginine at position 213 (R213) was accomplished using the Quick Change Site-Directed Mutagenesis Kit from Stratagene and primers (Table 1) synthesized by Integrated DNA Technologies. Arctic Express (DE3) competent cells were purchased from Agilent.
GST-FadR Cloning and Site Directed Mutagenesis
GST-FadR coding sequences was synthesized and subcloned into the PshAI and HindIII cloning sites of pET42a(?) commercially by Genewiz, Inc. This incorporates an N-terminal GST protein fusion tag to the protein.
The pET42a(?) plasmid containing GST-FadR was modified to encode for the L102A, R213A and R213M mutant protein.
The veracity of all protein clones was verified by sequencing, which was performed commercially by ACGT, Inc.
GST-FadR Protein Expression and Purification
The pET42a(?) plasmids containing the gene encoding for wild-type (WT) and mutant FadR variants were transformed into Arctic Express (DE3) competent cells. A single colony was cultured overnight in 25 mL of LuriaBertani medium containing 50 lg/mL kanamycin. A 10 mL of the overnight culture was used to inoculate 2 L of the fresh medium and grown at 37°C with a rotary shaker until the absorbance at 600 nm reached 0.6. Next, the temperature was dropped to 16°C, protein expression was initiated by the addition of 1 mM isopropyl-thiogalactoside and the culture was incubated overnight at 16°C. After incubation, the bacterial cells were harvested by centrifugation and suspended in 20 mM Na 2 PO 4 buffer containing 100 mM NaCl at pH 7.4 (buffer A), 5 lg/mL DNase and 0.1 mg/mL of the protease inhibitor (PMSF) per gram of cells. The cells were disrupted by sonication, soluble protein isolated from cell debris by centrifugation, loaded onto a 5 mL GSTrap FF column equilibrated with buffer A and eluted with a lineal gradient of 50 mM TrisCl and 10 mM reduced glutathione at pH 8.1. Fractions containing GST-FadR (identified by sodium dodecyl sulfate (SDS) gel) were pooled, concentrated (Amicon 10 kDa protein concentrator) and loaded onto a high load 26/60 Superdex 200 prep grade gel filtration column (GE Health Care) and eluted with 100 mM Na 2 PO 4 buffer containing 150 mM NaCl at pH 7.2. The fractions containing GSTFadR (or GST-FadR mutants) were collected and the purity of the protein was monitored using SDS gels.
Fluorescence Anisotropy Assays of FadR/ Operator Interaction
The 5 0 -Fluorescein-labeled operator probe for anisotropy experiments was created by annealing the primers: 5 0 -Fluo-TATCTGGTACGACCAGAT-3 0 with its complementary sequence, 5 0 -ATCTGGTCGTACCAGATA-3 0 (contains two binding sites which are underlined). The primers were dissolved in distilled water to a concentration of 100 lM. The annealing reaction was initiated by incubating a 20-lM solution of the two oligonucleotides in 20 mM Tris-Cl, 100 mM NaCl and 1 mM MgCl 2 at pH 7.5 at 95°C in a heat block for 5 min. Next, the block was removed from the heat source and allowed to cool to room temperature to facilitate annealing of the complimentary oligonucleotides. The fluorescence polarization experiments were performed in 20 mM HEPES, 40 mM KCl, 20 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid, 1.0 mM dithiothreitol, 1.0 mM MgCl 2 and 200 lg/mL bovine serum albumin at pH 7.5 (buffer B). The reaction mixture (200 lL) was prepared in the following order: first 10x buffer B was added to the wells of a black 96-well plate; then 20x fluorescein-labeled operator was added to a final concentration of 1 nM in 200 lL; then distilled water was added to complete the 200 lL reaction volume minus the GST-FadR protein volume. The reaction was initiated by the addition of the appropriate amount the GST-FadR (or mutant) (from 0 to 20 nM final concentration with a final volume of 200 lL). The reactions were mixed and incubated for 1 h at 30°C in the dark. The fluorescein-labeled operator was excited with polarized light through an excitation filter of 485/20 nm and the emission was measured with an emission filter of 528/20 nm with a dichroic mirror of 510 nm. Fluorescence polarization was monitored with a BioTek Synergy H4 hybrid Microplate Reader and anisotropy values were calculated automatically with the Gen5 software using the standard G factor of 0.85.
Fluorescence Anisotropy Assays of FadR/ Operator Interaction in the Presence of Effector
To determine the affinity of GST-FadR and mutants (L102A, R213A and R213M) for the effector molecule, palmitoyl-CoA, the change in anisotropy was measured for the FadR/operator complex in the presence of different concentrations of the effector. The reaction mixture 
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Modulation of FadR Binding Capacity for Acyl-CoA Fatty Acids Through Structure-Guided… 361 contained 1 nM fluorescein-labeled operator, 5 nM GSTFadR (or GST-FadR mutants), buffer B, the appropriate amount of palmitoyl-CoA (titrated from 0 to 5 lM final concentration) and distilled water with a final volume of 200 lL. The reactions were mixed and incubated for one hour at 30°C in the dark. The change in anisotropy was measured as described above.
Dissociation Constant Determination
The collected data were plotted using Sigma Plot 11.0. The dissociation constants of GST-FadR (and mutants [16] [17] [18] [19] [20] :
where DA is the change in fluorescence anisotropy, DA T is the total change in anisotropy, E is the total analyte (FadR or palmitoyl-CoA) concentration at each point in the titration, K d is the dissociation constant and H is the Hill coefficient.
Results
In-vitro Characterization of FadR Using Fluorescence Polarization
Fluorescence polarization (anisotropy) was used to characterize the dissociation constants for WT FadR and its mutants. In the case of WT FadR, we observed a K d for its operator of 1 nM, which is 5 times larger than the K d of 0.2 nM, previously reported by DiRusso et al. [8] for labelfree FadR using EMSA. The same publication discussed the sensitivity of FadR/DNA interaction to the ionic strength of the solution. Since our anisotropy assays are performed in solution, as opposed to gels used for EMSA that require a very low ionic strength, we were able to titrate the ionic strength of the solution to achieve maximal binding of the GST-FadR to its operator (approximately 80 mM was optimal). This ionic strength was also used for characterization of the mutant FadR proteins. Previous experiments with other TRs suggest that low solution ionic strengths (\20 mM) enhance non-specific binding of TRs to DNA while higher solution ionic strengths (\200 mM) showed no significant improvement [21, 22] . Experiments by Fang et al. [23] showed that as the metal ion concentration increases, the background fluorescence of the labeled DNA probe decreases, therefore increasing the sensitivity of the anisotropy assays. Since palmitoyl-CoA is thought to be the natural effector for FadR, we used this molecule for the experimental binding studies. When determining the dissociation constant for the palmitoyl-CoA, we obtained a K d of 218 ± 6 nM, which compares reasonably well with the value (369 ± 223 nM) determined by DiRusso et al. [4] for His 6 -FadR using isothermal titration microcalorimetry. It is noteworthy that the value calculated here using anisotropy has a much lower level of uncertainty compared to the published rate reported by DiRusso and colleagues. In this regard it is important to consider that isothermal titration microcalorimetry measures binding of the effector with regards to protein stability (neglecting the DNA operator and its possible effects on the effector binding), whereas by using anisotropy, we can measure binding with regard to FadR activity, observing in real time the protein binding to the DNA operator and the subsequent DNA operator release when the effector binds to the protein, while easily controlling/optimizing assay conditions.
Modification of the FadR Acyl-CoA Binding Site
Analysis of the available X-ray crystallographic structures of FadR from E. coli bound to myristoyl-CoA (PDB: IH9G) revealed several protein residues that form close contacts with both the acyl and CoA moieties of the effector including Leu101, Leu102, Ile108 and Met168 ( Fig. 1 ; Table 2 ). In particular the hydrophobic side chain of Leu102 forms a close contact with the position 52 hydrogen of the hydrophobic acyl moiety that was listed as the most severe clash in the PDB structure validation report ( Fig. 1 ; Table 2 ). We thus focussed on the Leu102 residue and predicted that mutation of this residue to an alanine would favor effector binding by providing a wider binding pocket. The crystal structure of holo FadR with myristoyl-CoA (C 14 acyl chain) shows the guanidine group of R213 (NH1 and NH2) bridging the di-phosphoryl moiety (O1A from P1A and O4A from P2A) of the CoA ligand. Removal of the guanidine group of R213 would likely abrogate binding affinity due to loss of hydrogen binding between the protein and the ligand (Fig. 1b) . In order to test this hypothesis we mutated the Arg213, which is located near the entrance of the CoA binding site to alanine (R213A) and methionine (R213M). We speculated that mutation of R213 to methionine should weaken the protein-ligand interaction, thus decreasing the binding affinity of FadR for LCACoAs. While the R213A mutation should completely disrupt the protein/di-phosphoryl interaction, we anticipated that R213M might allow weaker binding through a Met/diphosphoryl interaction.
Determination of FadR Dissociation Constants
The GST-tagged WT protein exhibited high levels of overexpression, enabling purification of [150 mg protein from 2 L of cell culture. All FadR mutants exhibited decreased expression of the GST-tagged protein compared to WT. Nevertheless, the GST tag was very helpful for the separation and purification of the low expressing mutants, and the purification profiles and SDS gels for the L102 and R213 mutants were virtually identical to that of the WT protein.
The dissociation constants for WT and mutant FadR bound to the fad operator were obtained by fitting the change in anisotropy at different GST-tagged protein concentrations (Fig. 2a) to Eq. 1 (see Sect. 2). The dissociation constants of WT and mutant FadR for the fad operator were each calculated to be approximately 1 nM with a Hill coefficient of 2.5 ( Table 3 ). The dissociation constants for palmitoyl-CoA binding to WT and mutant FadR-operator complexes were obtained from fits of the change in anisotropy at different palmitoyl-CoA concentrations (Fig. 2b) to Eq. 1. Table 3 presents the dissociation constants for palmitoyl-CoA to WT and mutant FadR/operator binary complex. The dissociation constants Hydrogen atoms were added using the Phenix ReadySet implementation of the program Reduce [26] . The close contact between Leu102 and myristoyl-CoA is shown as a red dashed line (top), while a theoretical model of this residue mutated to an alanine obviates the clash; b Hydrogen bonds shown as yellow dashed lines between protein structure residue Arg213 and phoshphate groups of myristoyl-CoA (top) and theoretical models of this residue mutated to a methionine (middle) or an alanine (bottom). The mutations were generated using the COOT program simple mutate function [27] . Structural figures were made using Pymol [28] (Color figure online) 
Discussion
The use and engineering of microbial systems for the production of commodity chemicals or biofuels is becoming an increasingly attractive strategy for their large scale production. However, the relative flux through enzymatic pathways or the ability to modulate individual components of such pathways for desired outcomes can be problematic for commercially relevant processes. In order to address this, next generation protein engineering techniques such as deep mutational scanning [24] offer new means to improve the catalytic efficiency or thermal stability of the enzymes that are to be used in these strategies. While other more traditional means such as directed evolution also aim to engineer enzymes with altered characteristics, other strategies also aim to enhance the expression of these enzymes [25] . Utilizing transcriptional regulators as dynamic sensor-regulator systems to control expression of bio synthetic pathways is restricted by two main factors; the biological function of most transcriptional factors remain unknown [22] and the complexity of the available characterization methods [21, 22] . Here we present a relatively simple structure-based rational approach to modulate protein binding characteristics that makes use of both the greatly increasing number of publicly available crystal structures available in the Protein Data Bank as well as the increasingly sophisticated way in which these structures are being annotated for further analysis. By examining close contact statistics for the deposited structure of E. coli FadR (PDB: IH9G), we were able to predict a mutation that would alter its binding affinity for its natural effector, palmitoyl-CoA. Similar approaches could easily be tested for other proteins, with the obvious caveat that the effects or outcomes of such mutations would vary greatly for different proteins. Also, we have validated and efficient and reproducible method to fully characterize all the binding events involved in the specific activity (effector and DNA operator binding) of FadR (or any transcriptional regulator).
For reasons outlined above, the ability of FadR to bind acyl-CoA fatty acids is of significant interest for the engineering of biosynthetic pathways. Beyond its central role in fatty acid metabolism, one of the appealing features of FadR as a tunable sensor/regulator for biofuel production is that the compartmentalization of its N-terminal (operator binding) and C-terminal (effector binding) domains make it amenable to engineering efforts aimed at enhancing or decreasing binding efficacy for the effector molecule without altering the DNA operator binding characteristics of the molecule. Using precise fluorescence polarization measurements, we probed the binding pocket of FadR at the two locations predicted to provide key protein-ligand interactions. It was shown that three 
Conclusion
Here we utilized a simple yet potentially widely applicable strategy for rational protein design and a highly sensitive method for the in vitro activity of FadR. The methods and results presented here demonstrate the feasibility of engineering a fatty acid metabolism regulator, which could also be applicable to other TRs, thereby allowing for tuning of binding affinity for effector molecules, without compromising binding to specific DNA operator sequences, and therefore facilitating its use as a tunable dynamic sensorregulator system. We have validated the utility of fluorescence polarization to reproducibly characterize the different binding events in a single experiment and allow direct comparisons between WT and mutant proteins in real time.
Understanding the role of specific amino acids in the binding and recognition of protein ligands, including substrates, cofactors and putative inhibitors is becoming increasingly important in the relatively young but rapidly growing field of synthetic biology. Such research efforts will ultimately provide the foundation for next-generation proteins that are highly efficient, stable and tunable, thereby providing highly effective and tightly regulated catalytic machineries for applications in large-scale production of biofuels and commodity chemicals.
